Verhein KC, Hazari MS, Moulton BC, Jacoby IW, Jacoby DB, Fryer AD. Three days after a single exposure to ozone, the mechanism of airway hyperreactivity is dependent on substance P and nerve growth factor. Am J Physiol Lung Cell Mol Physiol 300: L176 -L184, 2011. First published November 5, 2010; doi:10.1152/ajplung.00060.2010.-Ozone causes persistent airway hyperreactivity in humans and animals. One day after ozone exposure, airway hyperreactivity is mediated by release of eosinophil major basic protein that inhibits neuronal M2 muscarinic receptors, resulting in increased acetylcholine release and increased smooth muscle contraction in guinea pigs. Three days after ozone, IL-1␤, not eosinophils, mediates ozone-induced airway hyperreactivity, but the mechanism at this time point is largely unknown. IL-1␤ increases NGF and the tachykinin substance P, both of which are involved in neural plasticity. These experiments were designed to test whether there is a role for NGF and tachykinins in sustained airway hyperreactivity following a single ozone exposure. Guinea pigs were exposed to filtered air or ozone (2 parts per million, 4 h). In anesthetized and vagotomized animals, ozone potentiated vagally mediated airway hyperreactivity 24 h later, an effect that was sustained over 3 days. Pretreatment with antibody to NGF completely prevented ozone-induced airway hyperreactivity 3 days, but not 1 day, after ozone and significantly reduced the number of substance Ppositive airway nerve bundles. Three days after ozone, NK1 and NK2 receptor antagonists also blocked this sustained hyperreactivity. Although the effect of inhibiting NK2 receptors was independent of ozone, the NK1 receptor antagonist selectively blocked vagal hyperreactivity 3 days after ozone. These data confirm mechanisms of ozone-induced airway hyperreactivity change over time and demonstrate 3 days after ozone that there is an NGF-mediated role for substance P, or another NK1 receptor agonist, that enhances acetylcholine release and was not present 1 day after ozone. neural plasticity; pollution; tachykinin receptors EXPOSURE TO OZONE INDUCES airway hyperreactivity in humans (15, 44) and animals (50, 56) that occurs immediately after exposure and lasts several days. Acute, ozone-induced hyperreactivity is mediated by release of major basic protein from eosinophils resident in the lungs (65). Eosinophil major basic protein blocks inhibitory M 2 muscarinic receptors that normally limit acetylcholine release from parasympathetic nerves, increasing acetylcholine release and causing airway hyperreactivity (14, 17). Airway smooth muscle is not immediately affected by ozone (65), thus acute ozone-induced hyperreactivity is solely a function of increased acetylcholine release from parasympathetic nerves. This explains why ozone-induced hyperreactivity in animals is prevented by anticholinergics (64), vagal sectioning (40), and depleting eosinophils and eosinophil major basic protein (65). Parasympathetic nerves are also involved in ozone-induced hyperreactivity in humans since airway hyperreactivity is prevented by atropine  (3, 19) .
neural plasticity; pollution; tachykinin receptors EXPOSURE TO OZONE INDUCES airway hyperreactivity in humans (15, 44) and animals (50, 56) that occurs immediately after exposure and lasts several days. Acute, ozone-induced hyperreactivity is mediated by release of major basic protein from eosinophils resident in the lungs (65) . Eosinophil major basic protein blocks inhibitory M 2 muscarinic receptors that normally limit acetylcholine release from parasympathetic nerves, increasing acetylcholine release and causing airway hyperreactivity (14, 17) . Airway smooth muscle is not immediately affected by ozone (65) , thus acute ozone-induced hyperreactivity is solely a function of increased acetylcholine release from parasympathetic nerves. This explains why ozone-induced hyperreactivity in animals is prevented by anticholinergics (64) , vagal sectioning (40) , and depleting eosinophils and eosinophil major basic protein (65) . Parasympathetic nerves are also involved in ozone-induced hyperreactivity in humans since airway hyperreactivity is prevented by atropine (3, 19) .
There is also a secondary, systemic response to ozone. Environmental exposure to ozone is associated with increased ischemic stroke (37) , ventricular arrhythmias (46) , myocardial infarction (47) , and increased cardiovascular mortality (32) . However, these events occur largely several days after exposure to ozone (37, 47) , suggesting a systemic inflammatory response that evolves over several days. Evidence for a systemic inflammatory response also comes from a study demonstrating that ozone significantly increases C-reactive protein, fibrinogen, and plasminogen activator fibrinogen inhibitor-1 in the blood 1-3 days after exposure (9) . In the lungs, the mechanisms of hyperreactivity change over 3 days after ozone exposure, from eosinophil dependent 1 day postozone to eosinophil independent 3 days postozone (66) , suggesting that different inflammatory responses also occur in the lungs over this lag period.
The mechanisms of hyperreactivity 3 days after ozone exposure are unknown, but in contrast to day 1, they involve increased smooth muscle contraction in addition to increased vagally mediated bronchoconstriction (49, 66) . The systemic nature of this later response suggests a role for inflammatory mediators, including IL-1␤, which is increased in the bone marrow 3 days after ozone (56) . Blocking IL-1␤ inhibits hyperreactivity 3 days after ozone but has no effect on hyperreactivity 1 day after ozone. Since IL-1␤ stimulates expression of NGF (16) and substance P (16, 31, 63) , both of which can mediate neural plasticity and hyperreactivity (26) , these experiments were carried out to test whether NGF and substance P contribute to ozone-induced hyperreactivity 3 days after ozone exposure.
METHODS

Animals.
Pathogen-free guinea pigs were used (males and females, 300 -450 g; from both Hilltop Lab Animals, Scottsdale, PA, and Elm Hill Breeding Labs, Chelmsford, MA). All guinea pigs were shipped in filtered crates, housed in high-efficiency particulate-filtered air, and fed a normal diet (Prolab; Agway, Syracuse, NY). Protocols were approved by Johns Hopkins University Bloomberg School of Public Health and Oregon Health & Science University Animal Care and Use Committees.
Ozone exposure. Guinea pigs were placed in individual wire cages and exposed in a 700-l stainless steel exposure chamber with laminar airflow to either ozone (2.0 parts per million) or filtered air for 4 h as previously described (69, 70). Ozone was generated by an ultraviolet light generator (Orec, Glendale, CA) and was introduced into the chamber airflow at a rate of 2 l/min. Ozone concentrations within the chamber were monitored (model 1008 AH; Dasibi Environmental, Glendale, CA), calibrated, and recorded. The air supply within the chamber was replaced at a rate of 20 times/h. Control animals were exposed to filtered air under identical conditions. Following exposure, animals were maintained in particulate-filtered air until physiological measurements were made.
AbNGF or neurokinin receptor antagonist. Some guinea pigs were treated with either antibody to NGF (AbNGF; 10 g/kg ip) or goat IgG (10 g/kg ip) 1 h before ozone exposure. Other guinea pigs were given AbNGF 2 days before ozone exposure (which is 3 days before physiological measurements). Other guinea pigs were treated after ozone exposure with either the neurokinin NK 1 receptor antagonist CP-96,345 [3 mg/kg iv (28) ] or the NK2 receptor antagonist SR48968 [0.1 mg/kg iv (18)] 30 min before physiological measurements (Fig. 1) . Some animals were also treated with the NK 1 receptor antagonist SR140333 [1 mg/kg iv (6)]. These results were not different from CP-96,345 and are not shown here.
Anesthesia and measurement of pulmonary inflation pressure. One, two, or three days after a single ozone exposure, guinea pigs were anesthetized with 2.0 g/kg ip urethane (21) . Both jugular veins were cannulated for administration of drugs. A carotid artery was cannulated and connected to a transducer (DTX; Spectramed, Oxnard, CA) to measure blood pressure, and heart rate was derived electronically from the blood pressure signal. Guinea pigs were tracheostomized and ventilated with a positive-pressure, constant-volume rodent ventilator (Harvard Apparatus, South Natick, MA) at a tidal volume of 1.0 ml/100 g body wt and 100 breaths/min. Animals were paralyzed with succinylcholine (10 g·kg Ϫ1 ·min Ϫ1 iv). Pulmonary inflation pressure was measured at the trachea by using a pressure transducer (DTX; Spectramed). A positive pressure of 100 -200 mmH 2O was needed to adequately ventilate animals. Signals were recorded on a polygraph (Grass Instrument, Quincy, MA).
Bronchoconstriction was measured as an increase in pulmonary inflation pressure over baseline inflation pressure produced by the ventilator (36) . The sensitivity of measurement was increased by recording baseline inflation pressure on one channel and increases/ changes in inflation pressure over baseline on a separate channel at a higher sensitivity. Increases in inflation pressure as small as 2-3 mmH 2O above the baseline can be accurately measured with this method. All animals were treated with guanethidine (5 mg/kg iv) to deplete norepinephrine at least 20 min before the start of each experiment.
Measurement of vagally mediated bronchoconstriction. Both vagus nerves were cut, and distal ends were placed on platinum electrodes and covered with mineral oil. Electrical stimulation (1-25 Hz, 0.2 ms, 5-s train stimulus, 10 V at 1-to 2-min intervals) produced frequencydependent bronchoconstriction (measured as an increase in inflation pressure) and bradycardia. These responses were blocked by atropine (1 mg/kg iv), indicating that they were mediated by acetylcholine release onto muscarinic receptors.
Measurement of M3 muscarinic receptor function on airway smooth muscle. The function of M 3 muscarinic receptors on airway smooth muscle was tested in vagotomized animals by measuring bronchoconstriction induced by acetylcholine (1-10 g/kg iv) or methacholine (1-10 g/kg iv). Both acetylcholine and methacholine were used since acetylcholine is the endogenous neurotransmitter and is metabolized by acetylcholinesterases. To control for decreases in acetylcholinesterase activity as has been shown after ozone inhalation (20) , methacholine responsiveness was also measured because it is less susceptible to acetylcholinesterases. Animals were vagotomized to eliminate the reflex component of intravenous muscarinic agonists (5, 29, 57) .
Bronchoalveolar lavage. Following physiological measurements, the lungs were lavaged via the tracheal cannula with 5 aliquots of 10-ml warm PBS. The recovered cells were centrifuged, resuspended in PBS, and counted using a hemocytometer. Differential cell counts were obtained from aliquots of the bronchoalveolar lavage (BAL) suspension, which were spun onto glass slides and stained (Diff-Quik, Scientific Products, McGraw Park, IL, or Hemacolor, EMD Chemicals, Gibbstown, NJ).
Immunofluorescent staining for substance P in airway nerves. Tissue was fixed with 4% formaldehyde, cryoprotected in 18% sucrose in PBS, then 9% sucrose in 50% optimal cutting temperature (OCT; Sakura Finetek, Torrance, CA), and finally covered with OCT and frozen. Sections were cut 12 m thick, collected on slides, and air-dried. Slides were rinsed in PBS and incubated in antigen unmasking solution (Vector Laboratories, Burlingame, CA). Slides were blocked with 3% bovine serum albumin, 15% normal goat serum, and 0.1% Tween 20 in PBS for 1 h at room temperature and then incubated overnight at 4°C with a rabbit polyclonal antibody to substance P (diluted to 1:500; AB1566; Chemicon, Temecula, CA) and with mouse monoclonal antiserum to the neuronal marker protein gene product 9.5 (diluted 1:50; PGP9.5; AbD Serotec, Oxford, United Kingdom). Control slides were incubated without primary antibody. All slides were incubated with secondary antibodies conjugated to Alexa fluorophores (goat anti-mouse Alexa 488 or goat anti-rabbit Alexa 555; Molecular Probes) for 2 h at room temperature.
The slides were photographed with an epifluorescence microscope equipped with appropriate filters to visualize fluorescein or rhodamine. Exposure times were fixed to allow comparison between treatment groups. Exposure limits were chosen to be short enough to not collect any background fluorescence in sections not stained with primary antibodies and were then kept constant throughout the collection of data. Every nerve bundle adjacent to airway smooth muscle was photographed for each cartilaginous airway. Separately, nerve fibers within the airway smooth muscle were also photographed, but the number of fibers that were positive for substance P were so few that quantitative analysis proved difficult. Therefore, to quantify substance P expression in nerve bundles, bundles were identified by PGP9.5 staining, photographed under the fluorescein filter (to visualize PGP9.5-stained bundles), and then photographed again under the rhodamine filter (to visualize substance P). Pictures were overlaid, and nerve bundles were scored by three independent reviewers for presence or absence of substance P. Both photographs and subsequent analysis were done blindly.
Drugs. Guanethidine, methacholine, acetylcholine, succinylcholine, atropine, goat IgG, and urethane were purchased from Sigma (St. Louis, MO). CP-96,345 was purchased from Pfizer (Groton, CT), and SR140333 and SR48968 were generous gifts from Dr. X. Emonds-Alt (Sanofi Recherche, Montpellier, France). AbNGF was purchased from R&D Systems (Minneapolis, MN). All drugs were dissolved in 0.9% NaCl. Fig. 1 . The antibody to NGF (AbNGF) was administered 1 h before ozone exposure (A, i and ii) or 2 days before ozone exposure (A, iii). Physiological measurements were made either 1 or 3 days after ozone exposure. To test the role of neurokinin receptors in ozone-induced airway hyperreactivity, neurokinin receptor antagonists were administered during physiological measurements 1, 2, or 3 days after ozone exposure (B).
Statistics. All data are expressed as means Ϯ SE. Frequency, acetylcholine, and methacholine responses were analyzed using twoway ANOVA for repeated measures (GraphPad Prism 5.0a; GraphPad Software, La Jolla, CA). Baseline heart rates, blood pressures, baseline inflation pressure, and BAL were analyzed by ANOVA (StatView 4.5; Abacus Concepts, Berkeley, CA). Substance P-positive nerve bundles were analyzed by two-way ANOVA (GraphPad Prism 5.0a). A P value of Յ0.05 was considered significant.
RESULTS
Ozone significantly increased baseline pulmonary inflation pressure 1 and 3 days after exposure compared with airexposed controls (Table 1) . Neither treatment with AbNGF (2 days or 1 h before ozone) prevented the ozone-induced increase in pulmonary inflation pressure 1 day after ozone. However, AbNGF, but not control IgG, significantly attenuated the baseline rise in pulmonary inflation pressure 3 days after ozone. Treatment with the NK 1 and NK 2 receptor antagonists also did not prevent ozone-induced increase in pulmonary inflation pressure at day 3. Resting heart rate in four different groups of controls (controls for ozone, both protocols for AbNGF, and neurokinin antagonist-treated) ranged from 260 Ϯ 6 to 328 Ϯ 10 beats/min. As previously reported (66), ozone did not cause any consistent effect on resting heart rate. Similarly, resting blood pressure in all control groups ranged from 46 Ϯ 2 mmHg systolic/22 Ϯ 2 mmHg diastolic to 51 Ϯ 2 mmHg systolic/26 Ϯ 3 mmHg diastolic, and exposure to ozone did not affect resting blood pressure. None of the treatments (AbNGF, IgG, and tachykinin antagonists) altered resting heart rate or blood pressure in ozone or control animals.
Stimulation of both vagus nerves (1-25 Hz) caused frequencydependent bronchoconstriction in all animals that was significantly potentiated 1 and 3 days after a single exposure to ozone (Fig. 2 ) and was completely blocked by 1 mg/kg atropine (data not shown). Pretreatment with AbNGF 1 h before ozone exposure did not significantly inhibit ozone-induced airway hyperreactivity 1 day later ( Fig. 2A) , but it did completely prevent ozone-induced airway hyperreactivity 3 days after exposure (Fig. 2B ). Pretreatment with AbNGF had no effect on vagally mediated bronchoconstriction in air-exposed controls (Fig. 2B) , nor did control IgG inhibit vagally induced bronchoconstriction in ozone-exposed animals (Fig. 2B) . To test whether AbNGF only worked 3 days after ozone because it required time to have an effect, AbNGF was administered 2 days before ozone exposure (3 days before physiological mea- 
Values are means Ϯ SE. Baseline pulmonary inflation pressure increased 1 and 3 days postozone. The antibody to NGF (AbNGF) prevented the ozoneinduced increase in baseline pulmonary inflation pressure 3 days after exposure. *Significantly different from air-exposed controls. Fig. 2 . NGF mediates ozone-induced airway hyperreactivity 3 days after exposure but does not contribute to airway hyperreactivity 1 day after ozone. Electrical stimulation of both vagus nerves in anesthetized guinea pigs causes frequency-dependent bronchoconstriction, measured as an increase in pulmonary inflation pressure, in air-exposed controls (A-C, OE) that is significantly potentiated both 1 and 3 days after ozone exposure (A-C, ). Pretreatment with AbNGF 1 h before ozone exposure did not prevent airway hyperreactivity 1 day later (A, ; these data are not significantly different from ozone alone) but was completely protective 3 days after ozone (B, ). Blocking NGF had no effect on vagally mediated bronchoconstriction in air-exposed controls (B, □). An isotype control (IgG) had no effect in ozone-exposed animals (B, gray diamonds). Blocking NGF 3 days before physiological testing [2 days before exposure to ozone (2d before O3)] did not prevent ozone-induced airway hyperreactivity (C, ' ). Thus the protective effect of AbNGF depends on the days postozone, not on the days postantibody administration. *Significantly different from air-exposed guinea pigs. †Significantly different from ozone-exposed guinea pigs. Data are expressed as means Ϯ SE, n ϭ 5. Note, there are differences among A, B, and C controls and ozone hyperreactivity due to variability between batches of guinea pigs. As such, each set of data has its own controls, and data were compared statistically only within each experiment (not across experiments). surements; Fig. 1A ). In these experiments, AbNGF also did not inhibit ozone-induced hyperreactivity (Fig. 2C) .
Intravenous acetylcholine in vagotomized animals bypasses the nervous system and directly induces bronchoconstriction via a direct effect at M 3 muscarinic receptors on airway smooth muscle. Acetylcholine-induced bronchoconstriction was not changed 1 day after ozone but was slightly although significantly potentiated (by 33%) 3 days after ozone compared with air-exposed controls (Fig. 3) . This potentiation at 3 days was also inhibited by AbNGF (Fig. 3B ). The control IgG had no effect on acetylcholine-induced bronchoconstriction in ozoneexposed animals (Fig. 3B) .
There was no difference in substance P-positive nerve bundles between lungs of ozone-and air-exposed controls 3 days after exposure (Fig. 4, A, C, and E) . However, AbNGF significantly reduced the number of substance P-positive nerve bundles 3 days later, regardless of whether they were air-or ozone-exposed (Fig. 4, B, D, and E) .
Two and three days after ozone, guinea pigs were hyperreactive to vagal nerve stimulation compared with air-exposed Fig. 3 . Three days after ozone, airway smooth muscle is hyperreactive to acetylcholine, and this effect is blocked with AbNGF. In vagotomized guinea pigs, acetylcholine causes dose-related bronchoconstriction in air-exposed animals (A and B, OE) . Acetylcholineinduced bronchoconstriction was not altered 1 day after ozone but was significantly potentiated 3 days after ozone compared with air-exposed controls (A and B, ). AbNGF did not affect acetylcholine-induced bronchoconstriction 1 day after ozone (A, ) but did inhibit acetylcholine-induced bronchoconstriction 3 days after ozone (B, ). Neither IgG (B, gray diamonds) in ozone-exposed animals nor AbNGF (B, □) in air-exposed animals had any effect on acetylcholine-induced bronchoconstriction. *Significantly different from air-exposed guinea pigs. †Significantly different from ozone-exposed guinea pigs. Data are expressed as means Ϯ SE, n ϭ 4 -6. Fig. 4 . Blocking NGF significantly decreased the percentage of substance P-positive nerve bundles in guinea pig airways. Representative images of airway nerve bundles in guinea pig lung stained with antibodies to pan-neuronal marker PGP9.5 (green) and substance P (red) are shown with their merged overlay (A-D). Quantification of substance P-positive bundles is shown in E. Three days after ozone (C and E, black bar), there is no change in the percentage of substance P-positive nerve bundles compared with air-exposed controls (A and E, white bar). Pretreatment with AbNGF significantly reduced the number of substance P-positive nerve bundles in both air (B and E, light gray bar)-and ozone (D and E, dark gray bar)-exposed animals. Scale bar is 50 m. *Significantly different from air-exposed controls. †Significantly different from ozone-exposed animals. Data are expressed as means Ϯ SE, n ϭ 3-5. controls (Figs. 5 and 6A ). An NK 1 receptor antagonist completely prevented vagally mediated airway hyperreactivity 2 and 3 days after ozone (Figs. 5 and 6A) while having no effect in air-exposed controls (Fig. 6A) . Whereas both intravenous acetylcholine and methacholine-induced bronchoconstriction were significantly potentiated 3 days after ozone, treatment with the NK 1 receptor antagonist did not prevent hyperreactivity to intravenous acetylcholine (Fig. 6, B and C) . In contrast, the NK 2 receptor antagonist significantly inhibited vagally induced bronchoconstriction in both ozone-and airexposed animals (Fig. 7A) . However, the NK 2 receptor antagonist only decreased bronchoconstriction to acetylcholine and methacholine in ozone-exposed animals (Fig. 7, B and C) .
One day after ozone, the only cells significantly increased in BAL were neutrophils, and AbNGF had no effect on this increase (data not shown). Three days after ozone, macrophages and eosinophils were significantly increased in the BAL (Fig. 8) . The increase in macrophages was not blocked by AbNGF, NK 1 , or NK 2 receptor antagonists. The increase in eosinophils was significantly inhibited by the AbNGF 3 days after ozone (Fig. 8A) . Ozone still caused significant eosinophilia 3 days later in the presence of the NK 1 receptor antagonist but not in the presence of the NK 2 receptor antagonist (Fig. 8B) .
DISCUSSION
One day after ozone exposure, airway hyperreactivity is mediated by release of eosinophil major basic protein that blocks neuronal M 2 muscarinic receptors, resulting in increased acetylcholine release from parasympathetic nerves (66) . Three days after ozone exposure, hyperreactivity is no longer mediated by eosinophils (66) but is blocked by an antagonist to IL-1␤ receptors (56, 66) . Here, we show that the sustained hyperreactivity 3 days after a single exposure to ozone is also inhibited by pretreatment with AbNGF, which had no effect on hyperreactivity 1 day after ozone (Fig. 2) .
Since sustained ozone-induced hyperreactivity was blocked by AbNGF, we tested whether it was mediated via substance P because NGF increases substance P in rabbit lung (34) and mouse lung (30) and increases both neurokinin A and substance P expression in dorsal root ganglia (55) . In vivo, NGF Electrical stimulation of the vagus nerves produced frequency-dependent bronchoconstriction in air-exposed controls (OE) that was significantly potentiated 2 days after a single exposure to ozone (). The NK1 receptor antagonist prevented ozone-induced hyperreactivity ( ' ). *Significantly different from air-exposed controls. †Significantly different from ozone. Data are expressed as means Ϯ SE, n ϭ 3-5. Fig. 6 . Three days after ozone, vagally mediated hyperreactivity is mediated by NK1 receptors. Electrical stimulation of both vagus nerves produced frequency-dependent bronchoconstriction (A, OE) that was significantly potentiated 3 days after a single exposure to ozone (A, ). The NK1 receptor antagonist CP-96,345 (3 mg/kg iv) prevented ozone-induced hyperreactivity (A, ' ). Bronchoconstriction induced by both acetylcholine (B) and methacholine (C) was potentiated by ozone () but was not inhibited by the NK1 receptor antagonist ( ' ). Treatment of air-exposed controls with the NK1 receptor antagonist had no effect on vagally, acetylcholine-, or methacholine-induced bronchoconstriction (A-C, ) . *Significantly different from air controls. †Significantly different from ozone. Data are expressed as means Ϯ SE, n ϭ 4 -12.
causes hyperreactivity to electrical stimulation of airway nerves that is blocked by a NK 1 receptor antagonist (60) . Collectively, these data suggest that NGF mediates airway hyperreactivity by increasing substance P or other tachykinin receptor agonists.
Acute airway hyperreactivity to ozone is mediated by eosinophils and not by substance P. Any treatment that interferes with eosinophils, eosinophil major basic protein, or acetylcholine release is protective in these animals (66) . Although substance P can activate eosinophils (13) , this is unlikely a mechanism of acute ozone hyperreactivity since ozone does not activate capsaicin-sensitive transient receptor potential vanilloid 1 (TRPV1) channels (51) . Furthermore, acute, ozoneinduced hyperreactivity is not inhibited by capsaicin ablation of sensory nerves (33) .
However, substance P is well-known to increase under inflammatory conditions. It is increased in lungs with viral infection (8) and antigen challenge (10, 53) . Ozone increases substance P in BAL of humans (27) and increases substance P-positive nerve fibers in ferret tracheas (61, 62) . Although ozone did not increase the number of substance P-positive nerves in guinea pig lungs exposed to ozone, AbNGF significantly decreased the number of substance P-positive airway nerves, independently of ozone exposure (Fig. 4) , and in AbNGF-treated guinea pigs, ozone failed to cause sustained airway hyperreactivity (Fig. 2B) . Conversely, guinea pigs were hyperreactive to vagal nerve stimulation 1 day after ozone exposure regardless of whether guinea pigs were treated with AbNGF immediately before ozone exposure ( Fig. 2A) or treated 2 days before ozone exposure (Fig. 2C) . These data show that the protective effect of the AbNGF depends on the days postozone, not on the days postantibody administration. Thus the mechanism of ozone-induced hyperreactivity is changed over time. Here, we show that 2 and 3 days after ozone airway hyperreactivity is mediated by an NK 1 receptor agonist, likely substance P since it has the highest affinity for NK 1 receptors of the tachykinin family (43) .
One, two, and three days after ozone, vagally induced bronchoconstriction is abolished by the muscarinic receptor antagonist, atropine; thus acetylcholine, not substance P, is directly contracting airway smooth muscle. Although NK 1 receptors are present on airway parasympathetic nerves (39) , pharmacological data show they do not increase acetylcholine release under normal conditions (7, 22, 25, 52) . However, enhanced neurotransmission by substance P has been demonstrated (7, 25) , and we and others have shown that substance P is present in nerve bundles supplying the large airways of nonozone-exposed guinea pigs and ferrets (Fig. 4) (42, 62) . We have shown that substance P increases acetylcholine release indirectly by activating resident eosinophils and releasing the M 2 receptor antagonist, major basic protein (13) . However, ozone increases substance P in airways (27, 48, 61, 62) including in nerve fibers and in nerve cell bodies, that are probably parasympathetic nerve cells, in ferret airways (61) . Three days after ozone, when eosinophils are no longer involved in airway hyperreactivity (66) , the effectiveness of NK 1 receptor antagonists (Fig. 6) suggests substance P or another tachykinin receptor agonist is directly increasing acetylcholine release from parasympathetic nerves.
An alternative possibility is NK 1 receptors were unmasked in the 3 days following ozone. Receptor unmasking has been described for NK 2 receptors on sensory nerves in antigenchallenged guinea pigs where receptor activation occurs within minutes of antigen challenge (58) . The mechanisms for receptor unmasking are unclear but may occur through posttranslational modification or trafficking of receptors to the cell membrane rather than new receptor production. Thus enhanced substance P or enhanced NK 1 receptor activation on parasympathetic nerves could increase acetylcholine release, resulting in ozone-induced airway hyperreactivity. Fig. 7 . The NK2 receptor antagonist SR48968 (0.1 mg/kg iv) prevented vagally induced bronchoconstriction (A) regardless of whether the animals were exposed to ozone (3 days after ozone, vs. ' ) or air (OE vs. ). Bronchoconstriction induced by both acetylcholine (B) and methacholine (C) was also potentiated 3 days after a single exposure to ozone () and was inhibited by the NK2 receptor antagonist (B and C, ' ). However, the NK2 receptor antagonist did not inhibit bronchoconstriction induced by acetylcholine and methacholine in air controls ( ). Air-and ozone-exposed animals are the same as in In contrast to the NK 1 receptor antagonist, the NK 2 receptor antagonist inhibited vagally induced bronchoconstriction both in air-and ozone-exposed guinea pigs (Fig. 7) . NK 2 receptors are present on nerves and on airway smooth muscle (1, 24, 38, 42) . However, given that there is no effect of NK 2 receptor agonists on sensory nerves in control guinea pigs (41), the NK 2 receptors are probably on parasympathetic nerves and function independently of ozone to enhance vagally mediated bronchoconstriction.
Another important difference between hyperreactivity 1 and 3 days after ozone is that airway smooth muscle is slightly but significantly hypercontractile 3 days after ozone (49, 66) . This increased contractility is not mediated by a reflex triggered by acetylcholine since the vagus nerves were cut (5, 57) . Although acetylcholine-induced bronchoconstriction is mediated through M 3 muscarinic receptors and is blocked by atropine, blocking NK 2 receptors prevented the increased bronchoconstriction to acetylcholine, without affecting the baseline constriction (Fig.  7, B and C) , suggesting a positive interaction between NK 2 and M 3 receptors on airway smooth muscle 3 days after ozone. The presence of functional NK 2 receptors on airway smooth muscle has been demonstrated (67) , and others have also suggested a synergistic interaction between M 3 and NK 2 receptors (45). Increased substance P would also explain the ozone-induced smooth muscle responsiveness since release of substance P alone can potentiate airway contractility to muscarinic agonists (54) .
In conclusion, the mechanisms of ozone-induced airway hyperreactivity change between 1 and 3 days. The initial response to ozone is mediated by degranulation of eosinophils, release of major basic protein, blockade of inhibitory M 2 muscarinic receptors on parasympathetic nerves, increased acetylcholine release, and increased vagally mediated bronchoconstriction (65) . Three days later, there has been a phenotypic change in the mechanisms of hyperreactivity so that eosinophils are no longer the cause of ozone-induced hyperreactivity. Three days postozone, hyperreactivity is mediated by IL-1 (56), NGF, and substance P. These are related because blocking IL-1␤ decreases ozone-induced NGF (2), whereas blocking NGF prevents IL-1␤-induced airway hyperreactivity to substance P (16), suggesting that NGF is an intermediary between IL-1␤ and substance P. Our data suggest this pathway mediates airway hyperreactivity 3 days after ozone in guinea pigs (Fig. 9) . The end result is that sustained airway hyperreactivity after ozone is mediated by tachykinins, probably substance P. The dominant effect of substance P is at NK 1 receptors on parasympathetic nerves to enhance acetylcholine release, but substance P also enhances smooth muscle contraction to acetylcholine via NK 2 receptors on airway smooth muscle. Fig. 9 . Proposed mechanism for how ozone causes airway hyperreactivity 1 and 3 days after exposure. In air animals, NK2 receptors appear to enhance release of acetylcholine from parasympathetic nerves. One day after ozone exposure, we have previously shown [Sar 9 ,Met(O2) 11 ]-substance P (SM Substance P) stimulates release of eosinophil major basic protein (MBP) that inhibits neuronal M2 muscarinic receptors and enhances acetylcholine release from parasympathetic nerves leading to airway hyperreactivity. Three days after ozone, eosinophils no longer mediated airway hyperreactivity. NK1 receptors on parasympathetic nerves now appear to mediate enhanced release of acetylcholine, and a role for NK2 receptors on airway smooth muscle has been unmasked that enhances acetylcholine-mediated smooth muscle contraction. NKA, neurokinin A. Fig. 8 . Eosinophils, macrophages, and total cells in the bronchoalveolar lavage are significantly increased 3 days after ozone (black bars) compared with air controls (white bars). AbNGF reduced eosinophils in ozone-exposed animals (A, dark gray bars). Treatment with the NK1 receptor antagonist (B, medium gray bars) did not affect the number of inflammatory cells in bronchoalveolar lavage. Treatment with the NK2 receptor antagonist (B, dark gray bars) decreased eosinophils 3 days after ozone. *Significantly different from air controls. †Significantly different from ozone animals. Data are expressed as means Ϯ SE, n ϭ 5.
Multiple, often unrelated mechanisms for airway hyperreactivity have been identified for specific insults to the lung. These include changes in cytokines, inflammatory cells (14, 35, 65) , neural plasticity (11, 62) , and smooth muscle hyperresponsiveness (49, 59, 66) . Here, we show that mechanisms of airway hyperreactivity change over 3 days following a specific insult, in this case ozone. New or increased expression of substance P or neurokinin receptors in nerves supplying the lungs that are mediated by IL-1␤ and NGF and that lag 3 days behind exposure to ozone may account for the delayed decline in lung function and increased morbidity and mortality in humans seen days after environmental exposure to ozone (4, 12, 23) . Thus data presented here have implications in identifying treatments for airway hyperreactivity since target receptors may be quite different immediately and in the days following exposure to ozone or other environmental pollutants.
